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The p53 tumor suppressor protein is a short-lived Among the ubiquitin-like protein family, NEDD8 is protein due to its rapid proteasomal degradation. Upon most homologous to ubiquitin. NEDD8 conjugation is exposure of cells to various stress stimuli, levels of p53 mechanistically similar to ubiquitination, in that NEDD8 rise as a consequence of reduced proteolytic degradais activated and transferred to substrates by E1 and E2 tion, and its function as a transcription factor is actienzymes. Unlike the ubiquitin E1 enzyme, which is a NEDD8 and Mdm2 results in accumulation of modified p53 species, these species were not detected in the presence of NEDP1 ( Figure 2B, lane 3) . Expression of Results the NEDP1Cys, which is catalytically inactive, had no effect on p53 modification ( Figure 2B , lane 4). The SSP3 Mdm2 Is Conjugated to NEDD8 In Vivo The only reported role for NEDD8 conjugation is to regu-SUMO-specific cysteine isopeptidase, which can reverse the SUMO-1 modification of p53 ( Figure 2B , lane late the E3 ubiquitin ligase activity of SCF complexes through conjugation to cullin family member proteins 9), had no effect on p53 modification with His 6 -NEDD8 ( Figure 2B , lane 5). The NEDP1 protease had no effect (see Introduction). The Mdm2 protein is a well-characterized RING finger type E3 ubiquitin ligase that directs on Mdm2-mediated ubiquitination of p53, demonstrating the specificity of the protease for NEDD8 cleavage ubiquitination of the p53 tumor suppressor protein but also has a potent autoubiquitination activity. To deter-( Figure 2B , lane 13). The appearance of high molecular weight p53 species in our His 6 -NEDD8 pull-downs sugmine if Mdm2 is a potential substrate for NEDD8 conjugation, we used a well-established approach where gested that other posttranslational modifications such as ubiquitin conjugation could simultaneously take conjugation of different substrates to ubiquitin and ubiquitin-like molecules can be detected (Rodriguez et Figure 2A in H1299 cells which had been transfected modification under the same conditions. These data strongly suggest that NEDDylation of p53 depends on with either control or Hdm2 siRNA. As shown in Figure  2D, Figure 3G , top panel, lanes spond to the addition of one or two NEDD8 molecules to p53. The appearance of these species was dependent 2 and 4) but had no effect on either SUMO-1 or ISG15 conjugation ( Figure , and the 6KR (with all six lysines mutated into using a polyclonal anti-NEDD8 antibody, whereas the reciprocal analysis was performed with the anti-NEDD8 arginines). These mutants were either expressed alone or coexpressed with Mdm2 in the presence of either immunoprecipitates. As shown in Figure 3E , a species of the predicted molecular weight for p53 modified with His 6 -ubiquitin or His 6 -NEDD8. Comparison of Mdm2-mediated ubiquitination with NEDDylation of these p53 a single NEDD8 moiety was observed both in the DO-1 and anti-NEDD8 lane but not in the control IgG lanes. mutants identified key differences in the lysine requirements for these two pathways ( Figure 4A ). Consistent Similarly, for Mdm2, a specific band was detected above the 116 KD marker in the 4B2 and anti-NEDD8 immunowith previous reports, mutation of six lysines in the C terminus of p53 (6KR mutant) was necessary to abrogate precipitates but not in the control lanes ( Figure 3F) . This size corresponds to the predominant Mdm2 species Mdm2-mediated ubiquitination and degradation of p53. However, Mdm2-mediated NEDDylation of p53 apdetected in the overexpression experiment described in Figure 1B . These data strongly suggest that both peared to depend on lysines K370, K372, and K373, as NEDDylation of the 3NKR mutant was substantially endogenous p53 and Mdm2 are modified with NEDD8.
reduced ( The presented data is the ratio of the transcriptional activity to protein levels (specific activity). Renilla was used to normalize the values in both assays.
were also used, but no differences were observed in Previous analysis of p53 lysine mutants in the C terminus of p53 showed that they exhibit higher transcripMdm2-mediated ubiquitination or NEDDylation of these mutants (data not shown).
tional activity than wild-type p53 (Rodriguez et al., 2000) . The observed differences in the lysine requirements beconjugation inhibits the transcriptional activity of p53. Furthermore, changes were observed in the ability of tween ubiquitination and NEDDylation of p53 prompted us to reexamine the transcriptional activity of these muMdm2 to inhibit the transcriptional activity of p53. In wild-type CHO cells, temperature shift abrogated the tants. H1299 cells were transfected with the indicated amounts of DNA for each p53 construct along with inhibitory effect of Mdm2 on the activity of p53. However, in TS-41 cells, Mdm2 appeared to suppress p53 activity PG13-luc plasmid, in which a p53 response element drives the expression of luciferase. The same cell exmore efficiently at the restrictive temperature (39ЊC) (Figure 5C) . Cell extracts from a replica experiment were tracts were also analyzed by two-site ELISA to determine the amount of p53 protein in the same experiment. also used to monitor the expression levels of Mdm2 and p53 proteins ( Figure 5D ). Temperature shift to 39ЊC in The ratio of the transcriptional activity to the protein levels of wild-type p53 and the p53 mutants will indicate the TS-41 cells appeared to increase both the levels of Mdm2 and p53 proteins. However, under these condithe specific activities of the proteins and whether these mutations affect the intrinsic transcriptional activity of tions, Mdm2 efficiently decreased the levels of p53. The opposite phenotype was observed in the wild-type CHO p53. As shown in Figure 4B , all p53 mutants tested displayed an increased specific transcriptional activity cell line. Temperature shift to 39ЊC decreased the levels of Mdm2, and p53 appeared resistant to Mdm2-medicompared with wild-type p53. However, whereas the 6KR and 3CKR mutant were very similar, the 3NKR muated degradation. This is consistent with the observation that Mdm2 suppressive effect on p53 transcriptional tant showed an intermediate phenotype between wildtype p53 and the 6KR/3CKR mutants. The increased activity was inhibited in the wild-type CHO cells at 39ЊC.
To determine whether the effects on p53 transcriptranscriptional activity of the 3NKR mutant, compared to wild-type protein, suggests that NEDD8 modification tional activity in the TS-41 cells were due to mutation in the APP-BP1 gene, we performed the transcriptional of p53 inhibits its transcriptional activity. This comparison also differentiates the role of these two sets of lysine assays described above in the presence of coexpressed wild-type APP-BP1. A titration of increasing amounts residues in the control of the intrinsic transcriptional activity of p53. Figure 5A, compare lanes 2 and 8) . This suggests that the NEDD8 conjugation pathway does not of p53 at the restrictive temperature in the TS-41 cells is due to lack of NEDDylation of p53 and not to lack of regulate Mdm2-mediated ubiquitination of p53. Therefore, we used this system to determine the effect of NEDDylation of cullins or other yet unidentified NEDD8 substrates; and (2) to differentiate the effect of NEDD8 NEDD8 conjugation on the transcriptional activity of p53. TS-41 and the wild-type CHO cells were transfected modification on the transcriptional activity of p53 and the ability of Mdm2 to suppress p53-dependent tranwith wild-type p53 alone or with increasing amounts of Mdm2 expression construct along with the PG13-luc scription. Wild-type p53 and the 3NKR p53 mutant were expressed in TS-41 or wild-type CHO cells. As before, reporter plasmid. Cells were then either kept at 32ЊC or shifted to 39ЊC for a further 24 hr, and cell extracts were cells were kept at 32ЊC or shifted to 39ЊC, and p53 transcriptional activity was measured 24 hr later. As analyzed for p53 activity. Temperature shift increased the activity of p53 in the TS-41 cells, whereas no signifishown before, a shift of the TS-41 cells to the nonpermissive temperature increased the transcriptional activity cant changes were observed in the wild-type CHO cells ( Figure 5B ). This is consistent with the idea that NEDD8 of wild-type p53. However, the 3NKR mutant, which is resistant to Mdm2-mediated NEDDylation, displayed an quired for Mdm2-dependent NEDDylation. This evidence demonstrates a key role for Mdm2 in p53 NEDDyincreased transcriptional activity at the permissive temperature, and shift to 39ЊC did not significantly increase lation and strongly suggests that Mdm2 acts as an E3 NEDD8 ligase. its activity ( Figure 6A ). This strongly suggests that the increase in p53 activity in the TS-41 cells at the restricUsing p53 as a substrate, Mdm2 was limited to the conjugation of ubiquitin and NEDD8 but not SUMO-1 or tive temperature is due to lack of p53 NEDDylation. We also used the 3NKR mutant to investigate the role of ISG15. In the other characterized system for NEDD8 conjugation, Rbx1, the RING finger component of the the NEDD8 conjugation pathway in the activity of Mdm2 as a suppressor of p53 activity. Wild-type p53 and the SCF complex, which is required for ubiquitin ligase activity, can also act an E3 NEDD8 ligase for cullins (see 3NKR mutant were expressed either alone or with increasing amounts of Mdm2 in the TS-41 cells at the Introduction). These observations raise the possibility that the dual usage of ubiquitin and NEDD8 could be a permissive and restrictive temperature. The 3NKR mutant appeared to resist transcriptional repression by common feature of the RING finger type of E3 ligases. Mdm2 compared with wild-type p53 at 32ЊC in TS-41 cells ( Figure 6B) . However, at 39ЊC, Mdm2 could effiModification with NEDD8 Inhibits ciently suppress the activity of the 3NKR mutant in a the Transcriptional Activity of p53 very similar manner to that of wild-type p53 suppression.
The data presented in this study demonstrate a role for These data provide evidence that the NEDD8 conjuga-NEDD8 conjugation of p53 as a mechanism of control tion pathway also controls the ability of Mdm2 to supof p53 transcriptional activity. Mdm2-mediated NEDDypress p53 function. lation of p53 requires three lysines (K370, K372, and K373) at the C terminus of the protein (3NKR p53 muDifferential Regulation of p53 Ubiquitination tant). Earlier reports demonstrated that lysines K370, and NEDDylation by UV-Induced DNA Damage K372, K373, K381, K382, and K386, located in the C The stability of the p53 protein is subject to regulation terminus of p53, are required for Mdm2-mediated ubiby a variety of stress stimuli, including DNA damage quitination and proteasomal degradation of p53. This induced by ␥ rays (IR) or UV light. To determine the group includes the lysines that are required for NEDD8 effect of DNA damage on modification of endogenous modification, but the clear difference in the lysine rep53 with NEDD8 or ubiquitin, we used MCF7 cells, which quirement for NEDD8 and ubiquitin conjugation of p53 contain wild-type p53 and had been established to exindicates the differential specificity of Mdm2 for these press either His 6 -NEDD8 or His 6 -ubiquitin. As control, two conjugation pathways. The 3NKR mutant displayed we used parental MCF7 cells, which do not express an increased transcriptional activity compared to wildtagged NEDD8 or ubiquitin. Cells were irradiated with type p53 in H1299 cells, suggesting that NEDDylation UV, and, 4 or 8 hr postirradiation, His 6 -NEDDyalted or of p53 inhibits its function. His 6 -ubiquitinated species were purified as before and
The use of the TS-41 CHO cell line provided a good analyzed for p53 modification by Western blotting. As biological system to assess the biological significance shown in Figure 7A , endogenous p53 is modified both of the NEDD8 conjugation pathway in the transcriptional with ubiquitin and NEDD8 (UV, 0 hr). UV treatment reactivity and stability of p53. At the restrictive temperasulted in increased p53 protein levels in all three systure where the NEDD8 conjugation pathway is impaired tems. Ubiquitin modification of p53 was inhibited 4 hr ( Figure 5A ), the transcriptional activity of p53 was inpost-UV treatment and sustained 8 hr after irradiation. creased, and the levels of p53 protein were moderately NEDD8 modification of p53 was transiently increased 4 elevated ( Figure 5B , 5D no Mdm2 cotransfection lane), hr after UV irradiation but could not be detected by 8 consistent with a suppressive role for NEDD8 conjugahr post-UV irradiation. NEDD8 modification and ubiquitition for p53 activity. The 3NKR p53 mutant, which is nation of p53 therefore displayed different kinetics in deficient for Mdm2-mediated NEDDylation, displayed response to UV irradiation. These data show that p53 an increased transcriptional activity compared to wildNEDDylation, like ubiquitination, is subject to DNA damtype p53 at 32ЊC with no dramatic increase upon temperage response signals controlling p53 activity, but these ature shift. This demonstrates that direct NEDDylation p53 modifications are differentially controlled. of p53 can control p53 transcriptional activity. The use of proteases that specifically remove ubiquitin, NEDD8, or SUMO-1 provided a powerful tool to inDiscussion vestigate the different modifications of p53. The specific deubiquitinating p53 enzyme HAUSP rescued p53 from Mdm2 Promotes Ubiquitin and NEDD8 Modification of p53: A Common Feature Mdm2-mediated degradation. Under these conditions, HAUSP prevented the formation of high molecular for RING Finger Ligases? In this paper, we demonstrate that the Mdm2 RING finweight p53 species in the NEDD8 Ni 2ϩ pull-down, suggesting that these species are ubiquitin conjugates and ger E3-ubiquitin ligase is NEDDylated and promotes conjugation of NEDD8 to p53. While in vitro Mdm2 could that p53 could be simultaneously modified with NEDD8 and ubiquitin. However, while HAUSP dramatically inproduce a moderate stimulation on NEDD8 modification of p53, the in vivo data demonstrate that p53 NEDDylacreased p53 protein levels in the presence of Mdm2 ( Figure 2C, bottom panel) , there was no significant intion depends on Hdm2 expression and direct binding of p53 to H(M)dm2. Also, the critical cysteine C462 in crease in the p53 levels upon expression of the deNEDDylating enzyme NEDP1 ( Figure 2B, lanes 2 and 3) . the RING finger domain of the protein, which is required for the E3 ubiquitin ligase activity of Mdm2, is also reThis suggests that NEDD8 modification of p53 does not Immunoprecipitates were analyzed by Western blotting as indi-1993). The anti-NEDD8 rabbit polyclonal antibody and NEDD8 procated. tein were purchased from Alexis Biochemicals. Anti-␤-gal and antiactin mouse monoclonal antibodies were purchased from Oncogene. MG132 was purchased from Calbiochem and iodoacetamide Transcriptional and Temperature Shift Experiments from Sigma. siRNAs were purchased from Dharmacon.
In a 24-well plate, 45,000 cells/well were seeded and transfected using FuGENE 6. p53 (10 ng), 50 ng of PG-13-luciferase, and 1 ng Cell Culture and Transfections of Renilla expression constructs were used in each transfection. All cell lines were grown in medium with 10% fetal bovine serum.
The total amount of transfected plasmid was made up to 300 ng H1299 cells were grown in RPMI, CHO, and TS-41 cells in F12 with empty pcDNA3 vector. The cells were incubated at 32ЊC over-CHO cell line medium, and COS-1 in DMEM. All transfections were night and were either shifted to 39ЊC or kept at 32ЊC for a further performed using FuGENE 6 according to manufacturer's instruc-24 hr. Cells were lysed with 1 ϫ passive lysis buffer (Promega), and tions, except for the experiments in H1299 cells, where the calcium luciferase and Renilla activities were measured using the Berthold phosphate method was used in 10 cm tissue culture plates. For the Microplate Luminometer LB 96V. Renilla values were used to control siRNA experiment, 2 ϫ 10 5 H1299 cells were plated in 6-well dishes transfection efficiency and cell death. and transfected with siRNA (200 nM) by oligofectamine. Next-day cells were reseeded, transfected the day after with p53 (0.5 g) and His 6 -NEDD8 (1 g) by using FuGENE 6, and harvested 24 hr later.
Two-Site ELISA Stability of p53 was monitored by two-site ELISA as described in Plasmids proteins. This work is supported by Cancer Research UK.
